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Contactin Supports Synaptic Plasticity
Associated with Hippocampal Long-Term
Depression but Not Potentiation
forms results in the activation of NMDA receptors and
the elevation of calcium in the postsynaptic terminal.
Depending on the nature of the inducing stimulus and
the level of intracellular calcium, a cascade of intracellu-
lar signaling events is activated to selectively support
Keith K. Murai,1,2 Dinah Misner,3,5
and Barbara Ranscht1,2,4
1 The Burnham Institute
Neurobiology Program
La Jolla, California 92037
2 Department of Neuroscience synaptic potentiation or depression.
Cell adhesion molecules of different gene familiesUniversity of California, San Diego
La Jolla, California 92093 have recently received significant attention as modula-
tors of synaptic strength [2]. For example, cadherins, a3 Molecular Neurobiology Laboratory
and Howard Hughes Medical Institute group of calcium-dependent cell adhesion molecules,
are implicated in controlling the strength of synapticThe Salk Institute
La Jolla, California 92037 adhesion [3–6]. Integrins [7] and immunoglobulin super-
family (IgSF) cell adhesion molecule Thy-1 [8] regulate
synaptic stabilization during LTP, while PSA-NCAM is
necessary to support both LTP and LTD [9]. To date,Summary
however, none of the known cell adhesion molecules
has been selectively associated with LTD.Background: Changes in synaptic efficacy are believed
to mediate the processes of learning and memory forma- The present work identifies a novel function for con-
tactin in synaptic plasticity. Contactin is a GPI-anchoredtion. Accumulating evidence implicates cell adhesion
molecules in activity-dependent synaptic modifications IgSF cell surface molecule with established functions in
modulating in vivo interactions of neuronal processes withassociated with long-term potentiation (LTP); however,
there is no precedence for the selective role of this mole- their surroundings [10–14]. In the current study, we demon-
strate that contactin is expressed at CA1 synapses, wherecule class in long-term depression (LTD). The mecha-
nisms that modulate these processes still remain un- it is selectively required for paired-pulse facilitation and
NMDA receptor-dependent LTD. Molecular studies sup-clear.
port a model in which contactin assembles a protein
complex on the synaptic plasma membrane. This com-Results: We report a novel role for glycosylphosphati-
dyl inositol (GPI)-anchored contactin in hippocampal plex may regulate intercellular interactions necessary
for specific modifications in synaptic strength.CA1 synaptic plasticity. Contactin selectively supports
paired-pulse facilitation (PPF) and NMDA (N-methyl-D-
aspartate) receptor-dependent LTD but is not required Results
for synaptic morphology, basal transmission, or LTP.
Molecular analyses indicate that contactin is essential Contactin Distribution in Area CA1
for the membrane and synaptic targeting of the con- Three independent sets of experiments revealed the
tactin-associated protein (Caspr/paranodin) and for the expression of contactin on dendrites and within CA1
proper distribution of a presumptive ligand, receptor pyramidal cell synapses. First, confocal microscopy dis-
protein tyrosine phosphatase  (RPTP)/phosphacan. cerned contactin expression upon pyramidal cell den-
drites and membrane structures tightly opposed to syn-
Conclusions: These results indicate that contactin aptophysin-positive axon terminals (Figure 1A, boxed
plays a selective role in synaptic plasticity and identify area). Similarly, cultured hippocampal neurons dis-
PPF and LTD, but not LTP, as contactin-dependent pro- played punctate contactin staining on processes (Figure
cesses. Engagement of the contactin-Caspr complex 1B) and on spiny dendritic protrusions opposing synap-
with RPTPmay thus regulate cell-cell interactions con- sin-1-positive terminals (Figure 1B, arrows and boxed
tributing to specific synaptic plasticity forms. area). Second, at the ultrastructural level, contactin was
visualized along CA1 pyramidal cell dendritic arboriza-
Background tions (Figure 1C), dendritic spine heads (inset), and syn-
apses (arrows). Third, in agreement with mass spectrome-
The mechanisms that contribute to the processes of try analyses [15], contactin was identified as a component
learning and memory formation represent some of the of biochemically isolated Triton X-100-resistant postsyn-
most intriguing challenges to cognitive and molecular aptic densities (Figure 1D). Thus, contactin is distrib-
neuroscience. NMDA-dependent LTP and LTD are long- uted, although nonexclusively, to synapses and posi-
lasting changes of synaptic efficacy that can be induced tioned to regulate molecular interactions at these sites.
in the hippocampus through high- and low-frequency
stimulation of excitatory afferents, respectively [1]. It is
Basal Synaptic Transmission Is Unalteredgenerally accepted that induction of both plasticity
in Contactin Mutants
Basal synaptic transmission in contactin mutant mice4 Correspondence: ranscht@burnham.org
(P15-P17) was examined at Schaffer collateral-commis-5 Present address: Roche Bioscience, 3401 Hillview Avenue, Palo
Alto, California 94304. sural synapses onto CA1 pyramidal cells using whole-
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Figure 1. Contactin Expression on Dendrites
and Synapses of CA1 Pyramidal Cells in the
Developing and Adult Mouse Hippocampus
(A) Colocalization of contactin (green) and
synaptophysin (red) in the stratum radiatum
of area CA1 at postnatal day 16. Contactin
colocalizes with synaptophysin punctae
when viewed in higher magnification (inset).
(B) Contactin (green) is expressed on den-
drites of cultured pyramidal cells and colocal-
izes with synapsin-1 punctae (red) at 14 days
in vitro. Contactin is also expressed on den-
dritic spines (arrows).
(C) Ultrastructural localization of contactin in
the stratum radiatum of adult mouse hippo-
campus. Contactin staining (arrowheads) de-
lineates pyramidal cell dendrites, dendritic
spine heads (asterisks and inset), and PSD
regions of synapses (arrows).
(D) Contactin is localized in biochemically iso-
lated synaptic density fractions. PSD-95
shows high expression in the PSD fraction
(positive control) while synaptophysin is ab-
sent (negative control).
D dendrites; sp dendritic spine; Crude
crude synaptosomal fraction; SPM  synap-
tic plasma membranes; PSD pre- and post-
synaptic density fraction. The scale bar repre-
sents 10 m in (A) and (B) and 1.15 m in (C).
cell patch clamp techniques. Contactin mutant neurons ence of both MK-801 and CNQX, mutant and wild-type
synapses showed a similar decay of NMDA-mediatedshowed normal access resistances throughout the elec-
trophysiological recordings. The amplitude and time currents over time (Figure 2C). Hence, synaptic reliability
and baseline synaptic transmission are not affected bycourse of synaptic currents at various voltages ap-
peared normal in the mutant hippocampus (data not the mutation.
shown). Moreover, miniature EPSCs (mEPSCs, excit-
atory postsynaptic currents) of both genotypes showed Impairment of Synaptic Plasticity at Contactin
Mutant CA1 Synapsessimilar amplitude distributions, with no statistical differ-
ence between groups (wt 8.79 0.28 pA [n 4 cells]; To identify the potential role of contactin in synaptic
plasticity, we probed wild-type and mutant synapses formutant  8.44  0.11 pA [n  5 cells]; mean  SEM;
Kolmogorov-Smirnov two-sample test; Figures 2A and responses to stimulation protocols that induce specific
changes in synaptic efficacy. We first investigated2B). The frequencies of mEPSCs were also not statisti-
cally different between genotypes (wt  0.344  0.07 paired-pulse facilitation (PPF), a form of short-term syn-
aptic plasticity [19]. Contactin mutants showed a de-Hz; mutant  0.489  0.118 Hz; two-sample t test, p 
0.05). Thus, contactin-deficient CA1 synapses show nor- crease in PPF as compared to the wild-type at interpulse
intervals between 20 and 200 ms (Figure 2D). Applicationmal spontaneous glutamate release and postsynaptic
responsiveness. of the two-sample t test, however, showed that this
difference was significant only at the 100-ms interpulseTo monitor the reliability of synaptic transmission, we
assessed the open-state probability of NMDA receptors interval (wt, n 5 cells; mutant, n 5 cells; two-sample
t test, p  0.05; Figure 2D).in response to presynaptic stimulation. The rate of cur-
rent decay caused by MK-801 is used as a measure for To examine long-term synaptic plasticity, we first as-
sessed NMDA receptor function, which is required forpresynaptic glutamate release and the ability of NMDA
receptors to respond to the neurotransmitter [16–18]. To both LTP and LTD [1]. This was accomplished by moni-
toring EPSCs of the same cell before and after applica-isolate baseline NMDA-mediated currents, hippocampal
slices from both genotypes were kept in CNQX (6-cyano- tion of CNQX. At four different holding potentials (70
to40 mV, 10-mV steps), no differences were observed7-nitroquinoxaline-2,3-dione), an antagonist of AMPA
(-amino-3-hydroxy-5-methyl-4-isoxazoleproprionate) between genotypes in the time course and magnitude
of the NMDA receptor-mediated currents as well as inreceptors, and CA1 cells were held at –40 mV. Baseline
NMDA receptor-mediated currents were closely similar the ratio of NMDA receptor-mediated to total synaptic
current (two-sample t test, p0.05). Thus, NMDA recep-at both wild-type and mutant synapses. Upon succes-
sive stimulation of the Schaffer collaterals in the pres- tors appear fully functional in contactin mutant mice.
Contactin and LTD
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Figure 2. Normal Basal Synaptic Transmission but Reduced Paired-Pulse Facilitation in Contactin Mutant Mice
(A) Amplitude histograms of spontaneous mEPSCs.
(B) Cumulative probability histograms of mEPSC amplitude for wild-type (black) and mutant (gray) mice. The amplitude distributions were not
significantly different between the two groups (Kolmogorov-Smirnov two-sample test, p  0.05).
(C) Synaptic reliability is normal in contactin mutant mice. Data are expressed as normalized NMDA receptor-mediated EPSC amplitudes.
The amplitudes of EPSCs recorded in CNQX were normalized to the baseline value preceding the application of MK-801. Summary of wild-
type (n  5; black squares) and contactin mutant (n  7; gray circles) whole-cell recordings. Traces show representative NMDA-mediated
currents for both genotypes prior to MK-801 application.
(D) Paired-pulse facilitation for wild-type (n  5; black squares) and mutant cells (n  5; gray circles). The ratio of the second EPSC (P2) to
the first EPSC (P1) is shown as a function of the interpulse interval. The difference between the two groups was statistically significant at the
interpulse interval of 100 ms (two-sample t test, p  0.05), but not at the other interpulse intervals (two-sample t test, p  0.05).
LTP was induced by high-frequency tetanic stimula- results demonstrate that contactin is selectively important
for supporting LTD-associated synaptic plasticity.tion of the Schaffer collaterals after obtaining stable
baseline recordings. This protocol produced consistent Lastly, we assessed the ability of contactin mutant
synapses to depotentiate [20]. LTP was induced priorLTP of wild-type (n  10 cells) and mutant synapses
(n7 cells) (Figure 3A). The cumulative probability distri- to the application of LFS. Both wild-type and contactin
mutant synapses depotentiated after tetanic primingbution of LTP did not notably differ between genotypes
(Figure 3B; Kolmogorov-Smirnov two-sample test, p  (Figure 4C). Thus, in contrast to naı¨ve CA1 synapses,
primed mutant synapses are capable of appropriately0.05). Application of the NMDA receptor antagonist AP5
(2-amino-5-phosphonopentanoate) inhibited LTP in responding to LFS.
slices from both genotypes. Therefore, contactin is not
necessary for the induction or the maintenance of LTP Normal CA1 Synaptic Morphology
in Contactin Mutantsat CA1 pyramidal cell synapses.
LTD was elicited by low-frequency stimulation (LFS) Due to contactin’s identified adhesive functions, we ex-
amined the possibility that the observed changes in syn-of the Schaffer collaterals. In wild-type hippocampal
slices, LFS produced a consistent long-lasting decrease aptic plasticity resulted from abnormal synaptic morphol-
ogy in the mutant mice. Golgi impregnation, however,of EPSCs (n  5 cells). In contrast, contactin mutant syn-
apses (n 8 cells) responded to LFS with only a transient revealed normal organization and morphology of mutant
pyramidal cell dendrites and spines (Figures 5A and 5B).current decrease that returned to baseline value within
10–20 min (Figure 4A). The average normalized reduc- Moreover, ultrastructural analysis of area CA1 showed
well-developed dendritic spines opposed to axon termi-tion of current amplitude significantly differed between
genotypes (Figure 4B). The cumulative probability distri- nals filled with neurotransmitter vesicles in both geno-
types (Figures 5C–5F). The structural features of ran-butions of LTD from contactin mutants were similar to
those observed in the presence of AP5 (no significant domly selected excitatory synapses were compared in
wild-type and mutant mice (n  3; Figure 6). No signifi-difference; Kolmogorov-Smirnov two-sample test). These
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wild-type and mutant mice (r  0.83, wild-type; r 
0.91, mutant), with no significant difference between
genotypes in regression analysis. The total number of
neurotransmitter vesicles as well as the number of
docked vesicles also did not significantly differ (total
number of vesicles: wt  35.53  29.03 [66 synapses],
mutant 34.82  21.86 [67 synapses]; number of docked
vesicles: wt  3.18  1.78 [66 synapses], mutant 
3.03  1.19 [67 synapses]; mean  SD). However, the
number of excitatory synaptic profiles in randomly se-
lected fields from the stratum radiatum was significantly
higher in contactin mutant mice compared to the wild-
type (wt  0.25 0.08 PSDs/m2; mutant 0.33  0.12
PSDs/m2; mean SD; unpaired t test, p 0.02; Figure
6G). Hence, contactin does not regulate CA1 synaptic
morphology but may affect the interrelationship of syn-
apses with surrounding cells.
Intermolecular Associations of Contactin
in the Hippocampus
As a first step toward addressing a potential mechanism
for contactin’s function in hippocampal synaptic plastic-
ity, we explored the association of contactin with the
transmembrane protein Caspr/paranodin [21, 22]. Caspr
protein was detected in hippocampal homogenates
from both genotypes and was identified within the post-
synaptic density fraction in a similar manner as contactin
(Figure 7A). The direct association between contactin
and Caspr was demonstrated by coimmunoprecipita-
tion from hippocampal homogenates (Figure 7B). Fur-
thermore, double-label immunofluorescence revealed a
high degree of overlap in the staining pattern of the two
proteins (Figures 7C–7E). Within the stratum radiatum,
Caspr was identified on MAP-2-positive dendrites of
CA1 pyramidal cells and large interneurons (Figure 7F)
and was closely associated with synaptophysin-positive
nerve terminals (Figure 7H).
The functional link between contactin and Caspr was
Figure 3. Contactin Mutant Mice Show Hippocampal CA1 LTP
further supported by the observation that Caspr was
(A) Summary of whole-cell EPSC recordings from wild-type (black not expressed within the stratum radiatum in contactin
squares) and mutant (gray circles) slices. Recordings are normalized
mutant mice. MAP-2-positive dendrites (Figure 7G, ar-to baseline responses taken prior to induction of LTP. Data are
rowhead) and synaptophysin-positive synaptic punctaeexpressed as normalized EPSC amplitudes  SEM. Mean values
of LTP 25–35 min after tetanus when the postsynaptic cell was (Figure 7I) displayed the label for the marker protein but
depolarized to –20 mV were 1.60  0.24 for wild-type (n  10; black lacked the Caspr-associated staining. Caspr expres-
squares) and 1.55 0.17 for contactin mutants (n 7; gray circles). sion, instead, was confined to the cytoplasm of pyrami-
Traces show representative currents before (black) and after (gray) dal cell bodies (Figures 7G and 7I, asterisks). Thus,
LTP induction for both genotypes.
Caspr was synthesized, but not targeted to the neuronal(B) Cumulative probability histogram of the magnitude of whole-cell
plasma membrane in the absence of contactin expres-responses 25–35 min after tetanic stimulation. Cumulative probabil-
ity distributions are shown for wild-type EPSCs (solid black), con- sion. This association was selective, as expression of
tactin mutant EPSCs (solid gray), and EPSCs recorded in the pres- the contactin binding protein L1 was unaltered in con-
ence of AP5 (n  4; dotted black). Wild-type and contactin mutant tactin mutants (data not shown). It is noteworthy that
distributions were not significantly different (Kolmogorov-Smirnov Caspr reached the cell surface of some large CA1 in-
two-sample test, p  0.05). Control experiments with AP5 in the
terneurons independently of contactin (Figure 7I, arrow).perfusion bath blocked LTP in all instances.
However, it remains to be determined if Caspr is properly
distributed along the membrane of these cell types.
Taken together, these data demonstrate that contactincant differences were identified between genotypes
with respect to the lengths of the PSDs or active zones is necessary for translocating Caspr to the surface of
CA1 pyramidal cell dendrites where this complex may(PSD length: wt294.580.2 nm [68 synapses], mutant
306.8 98.0 nm [71 synapses]; active zone length: wt confer cellular interactions necessary for modifications
of synaptic strength.282.4  81.3 nm [68 synapses], mutant  294.9  97.4
nm [71 synapses]; mean  SD). Relating active zone to One of the established ligands for the contactin-Caspr
complex is the transmembrane receptor protein tyrosinePSD length yielded similar correlation coefficients in
Contactin and LTD
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Figure 5. CA1 Pyramidal Cell Synapses Show Normal Morphology
in Contactin Mutant Mice
(A and B) Golgi impregnation of CA1 pyramidal cells shows numer-
ous dendritic spines on both (A) wild-type and (B) mutant dendrites.
Dendrites were taken from the middle region of the stratum radiatum.
(C–F) CA1 dendrites and synapses from (C and E) wild-type and (D
and F) mutant hippocampi show similar ultrastructure.
The scale bar represents 10 m in (A) and (B) and 230 nm in (C–F).
phosphatase  (RPTP; [21, 23]) and its alternative
splice product proteoglycan phosphacan [24, 25]. To
determine if RPTP/phosphacan is a candidate to inter-
act with the contactin-Caspr complex in the hippocam-
pus, we examined its distribution in contactin mutant
mice using an antibody directed against the common
extracellular domain [25]. As shown in Figures 7J and
7K, the uniform wild-type staining pattern of RPTP/
phosphacan was altered in the contactin mutant hippo-
campus. In particular, area CA1 displayed abnormal
patches of RPTP/phosphacan expression in the stra-
tum radiatum and stratum lacunosum moleculare (Fig-
ure 7K). As the antibody used in this study recognizes
all RPTP/phosphacan isoforms, and different forms
may be expressed by neurons or glial cells, we could
not discern the precise localization of RPTP/phospha-
can in relation to specific cells or synapses. Our data,
however, show that the contactin-Caspr complex is nec-
essary for the proper localization of RPTP/phosphacan
(B) Cumulative probability histogram of the magnitude of whole-cell
responses 25–35 min after LFS. Cumulative probability distributions
are shown for wild-type EPSCs (solid black), for contactin mutant
Figure 4. Contactin Mutant Mice Show Impaired LTD but Depotentiate EPSCs (solid gray), and for EPSCs recorded in the presence of 50
(A) Synapses from contactin mutant mice show impaired LTD. The M AP5 (n  3; dotted black). Control experiments with AP5 in the
summary of whole-cell EPSC recordings from wild-type (black squares) perfusion bath blocked LTD in all instances. Wild-type and contactin
and mutant (gray circles) slices is shown. Recordings are normalized mutant distributions were significantly different, while the contactin
to baseline responses prior to induction of LTD by LFS. Data are mutant and AP5 distributions were not significantly different (Kolmo-
expressed as normalized EPSC amplitudeSEM. Testing stimuli were gorov-Smirnov two-sample test).
given every 20 s. Mean values of LTD 25–35 min after LFS when the (C) Summary of contactin mutant whole-cell recordings following
postsynaptic cell was held in current clamp were 0.70 0.13 for wild- tetanus and LFS. The mean value of depotentiation 25–30 min after
type (n 5; black squares) and 1.04 0.07 for contactin mutant mice LFS for mutant cells was 0.92  0.13 (n  5; gray circles). The mean
(n  8; gray circles). Traces show representative currents before value of depotentiation 25–35 min after LFS for wild-type cells (n 
(black) and after (gray) LTD induction for both genotypes. 8; data not shown) was 1.01  0.30.
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Figure 6. Quantification of Synaptic Ultrastruc-
ture Reveals No Overt Differences between
Wild-Type and Contactin Mutant Synapses
(A and B) No significant differences were
found in (A) postsynaptic density length or
(B) active zone length.
(C and D) Linear regression between postsyn-
aptic density length and active zone length
shows that wild-type and contactin mutant
mice are similar.
(E and F) No significant differences were de-
tected between the total number of (E) neuro-
transmitter vesicles and the number of (F)
docked vesicles.
(G) A significant increase in the number of
PSDs/m2 was found in contactin mutant
versus wild-type mice (mean  SD).
in the hippocampus and hence raise the possibility that The electrophysiological impairments discovered in
contactin mutant mice may provide important insightsignaling mediated by interactions between these pro-
teins may be necessary to support specific forms of into the understanding of distinct plasticity forms. Con-
tactin-deficient synapses show reduced PPF, a form ofsynaptic efficacy.
short-term plasticity that is attributed to presynaptic
calcium accumulation [19]. This defect may result fromDiscussion
abnormalities in the function of the neurotransmitter re-
lease machinery or from altered calcium regulation. WeThe work presented here is the first to implicate con-
tactin with a function in synaptic plasticity. Whole-cell established that transmitter release probability is unal-
tered in contactin mutants, leaving us to suggest thatrecordings from CA1 pyramidal cells revealed that mice
with disrupted contactin gene expression are specifi- the impairment of PPF is associated with defects in
calcium handling. Indeed, reductions in PPF can alsocally impaired in PPF and LTD. Surprisingly, ablation of
contactin has minimal effects on the development of be induced by raising the extracellular calcium concen-
tration [26–30]. Further analysis may provide evidencesynaptic ultrastructure in area CA1 and leaves the ma-
chinery for basal synaptic transmission and NMDA re- for such a defect in contactin mutant mice.
A fascinating discovery is that contactin mutant miceceptor function intact.
Contactin and LTD
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Figure 7. Contactin Associates with Caspr and Affects the Expression of RPTP/Phosphacan in the Developing Mouse Hippocampus
(A) A Western blot showing the expression of Caspr (190 kDa) in postnatal day 16 wild-type and mutant hippocampal homogenates and in
synaptic density fractions. L1 (200 kDa, 140 kDa, and 80 kDa), a contactin binding immunoglobulin superfamily adhesion molecule, is also
highly expressed in wild-type and mutant hippocampal homogenates.
(B) Contactin (135 kDa) and Caspr coimmunoprecipitate from P16 mouse hippocampal homogenates.
(C–E) Colocalization of (C) contactin and (D) Caspr on dendrites in area CA1 of the postnatal day 16 hippocampus.
(F–I) In contactin mutant mice, Caspr (green) does not colocalize with MAP2 (red; [G]) or synaptophysin (red; [I]) as in the wild-type mice (red;
[F] and [H]). Instead, Caspr expression is confined to pyramidal cell bodies ([G] and [I], asterisks). Large processes from interneurons retain
Caspr expression (arrows).
(J and K) Altered distribution of RPTP in contactin mutant versus wild-type hippocampi at postnatal day 16. (L) A model for contactin function
in area CA1 of the wild-type hippocampus. In wild-type mice, contactin (yellow) associates with Caspr (blue) on the surface of CA1 pyramidal
cell dendrites. The receptor complex engages in interactions with RPTP/phosphacan (green) on adjacent membrane surfaces, promoting
adhesive interactions.
Cont.  rabbit control Igs; CNTN  contactin; SR  stratum radiatum; PL  pyramidal cell layer; SLM  stratum lacunosum moleculare. The
scale bar represents 100 m in (C)–(E), 10 m in (F)–(I), and 80 m in (J) and (K).
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show normal LTP while LTD is impaired. Since con- tion of PPF in contactin mutants suggests a mechanism
resulting from altered presynaptic calcium handling. Atactin-deficient CA1 synapses display a transient de-
crease of EPSC amplitude upon LFS, but no subsequent change in the interrelationship of synapses with sur-
rounding glial cells may account for this alteration. Third,LTD, the mutation affects the stabilization of LTD rather
than its induction. LTP, on the other hand, is induced and hippocampal LTD is selectively impaired when potas-
sium uptake by astrocytes is blocked with cesium [39].maintained at contactin mutant synapses. Interestingly,
reversal of LTP by LFS is independent of contactin, as Thus, abnormal neuron-glial interactions could contrib-
ute to the selective impairment of LTD in contactin mu-synapses depotentiate normally in the mutants. This
observation adds to the growing evidence that LTD is tants. Fourth, contactin in association with Caspr is
known to regulate neuron-glia interactions. Recent infunctionally distinct from depotentiation [20]. The results
presented here contrast the reported functions for integ- vivo studies established that the contactin-Caspr com-
plex is part of the neuronal machinery responsible forrins and cadherins in stabilizing LTP [5, 7] and for NCAM
in maintaining both plasticity forms [9]. Hence, adhe- the attachment of myelin adjacent to the nodes of Ran-
vier [14, 40]. Future experiments will need to be per-sion/recognition molecules can have discrete functions
in the modulation of synaptic plasticity. formed to test the validity of this model and to affirm
the mechanism of contactin’s selective function in PPFHow might contactin contribute to short- and long-
term plasticity? Contactin-mediated interactions may and LTD.
play a role in the cellular communication that helps to
elicit or maintain intracellular signals associated with Conclusions
Deciphering the dynamic interplay between the mole-PPF and LTD. The balance between protein kinase and
phosphatase activity is known to play an important role cules that modify synaptic function and plasticity re-
mains a challenge for the future. It will be interesting toin synaptic plasticity associated with LTP and LTD, re-
spectively [1]. Our findings suggest that GPI-linked con- link our current results to behavioral defects, as LTD is
associated with novelty acquisition [41]. However, thistactin is part of a larger signaling complex that partakes
in regulating synaptic plasticity. Most likely Caspr is a will require conditional contactin knockout mice that
specifically target gene function in the hippocampuscomponent of this complex, as it biochemically associ-
ates with contactin and shows colocalization on den- and overcome the motor deficits and postnatal day 18
lethality of the current mutation. The identification ofdrites and synapses. Moreover, Caspr remains confined
to the cell bodies of CA1 neurons in contactin mutants, contactin as a novel and selective player in synaptic
plasticity is an important step in leading us closer todemonstrating that contactin acts as a chaperone for
transporting Caspr molecules to the membrane in vivo understanding the role of adhesion/recognition mole-
cules in synaptic function.[31]. The contactin-Caspr association may be important
for intracellular signaling. Indeed, Caspr’s cytoplasmic
Experimental Proceduresregion contains a glycophorin-like binding site that
could link the contactin-Caspr complex to the actin cy-
Animals
toskeleton as well as a proline-rich sequence that can Contactin mutant mice were produced as previously described [13].
associate with SH3 domain-containing proteins. The pu- For all experiments, three or more littermate pairs of mutant and
wild-type mice were used unless otherwise indicated.tative contactin-Caspr signaling complex may also con-
tain Fyn, a Src family kinase that coimmunoprecipitates
Cell Culturewith contactin [32] and plays a role in synaptic function
Hippocampal pyramidal cells were cultured as described [42].and learning [33].
An established ligand of the contactin-Caspr complex Immunofluorescence and Immunohistochemistry
is RPTP/phosphacan [34] expressed by neurons and Floating frozen sections were rinsed in TBS (Tris-buffered saline
[pH 7.4]) and blocked with GS-TBST (5% goat serum in TBST [0.1%glia [35–37]. We detect an abnormal distribution of
Triton X-100 in TBS]) for 1 hr at room temperature (RT). Sections wereRPTP in the stratum radiatum and stratum lacunosum
incubated sequentially with mouse antibodies (anti-synaptophysinmoleculare of contactin mutants, raising the possibility
[1:400, Sigma], anti-synapsin-I [1:200, Chemicon], anti-MAP2 [1:200,that this interaction plays a role in these structures.
Sigma], or anti-Caspr [1:200, from Dr. Peles] overnight [ON] at 4	C)
However, we could not discern if contactin associates followed by goat anti-mouse Alexa 568-coupled IgG ([1:300, Molecu-
with RPTP on neuronal or glial surfaces. While the lar Probes] for 1 hr at RT), and rabbit antibodies (anti-contactin
interaction of contactin with RPTP on neurons has not [1: 300] [13], anti-Caspr [1:1000, from Dr. Peles], or anti-RPTP/
phosphacan [anti-3F8, from Dr. Margolis] at 4	C ON) followed bybeen demonstrated, an association of contactin with
goat anti-rabbit Alexa 488-conjugated IgG ([1:300, MolecularRPTPconfers neuron-glia interactions that could medi-
Probes] for 1 hr at RT). Antibody dilutions were in GS-TBST. Sectionsate bidirectional signals between these cell types [38].
were washed between incubations with TBST and viewed on a
Thus, a potential function of the contactin-Caspr com- BioRad confocal system.
plex is to recruit and stabilize RPTP-bearing processes
(glial or neuronal) at hippocampal synapses (Figure 7L). Golgi Impregnation
Golgi impregnation was performed using a modified Golgi techniqueEvaluating our data in light of published work on LTD,
[43]. Images were taken with a CCD camera attached to an uprightone model is that contactin regulates interactions of
Nikon microscope. n  5 wild-type and 8 mutant mice.synapses with surrounding glial cells. First, contactin
mutant mice display a small but significant increase in
Standard and Immunoelectron Microscopy
synaptic density in the CA1 subfield. This difference may Standard electron microscopy was performed as described pre-
reflect a reduction in the number of glial cell processes viously [14], except that 0.1 M cocodylate buffer was used instead
of 0.12 M phosphate buffer. n  3 wild-type and 3 mutant mice.that intermingle between synapses. Second, the reduc-
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For preembedding immunoelectron microscopy [44], adult wild-type Western Blot and Coimmunoprecipitation Experiments
Western blots were performed according to standard techniques.mice (n  3) were perfused with an oxygenated ringer solution (pH
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